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Translation domains differing in the phase but not in the orientation of the corresponding order parameter
are resolved in two types of multiferroics. Hexagonal (h-) YMnO3 is a split-order-parameter multiferroic in
which commensurate ferroelectric translation domains are resolved by piezoresponse force microscopy whereas
MnWO4 is a joint-order-parameter multiferroic in which incommensurate magnetic translation domains are ob-
served by optical second harmonic generation. The pronounced manifestation of the generally rather “hidden”
translation domains in these multiferroics and the associated drastic reduction of symmetry emphasize that the
presence of translation domains must not be neglected when discussing the physical properties and functionali-
ties of multiferroics.
I. INTRODUCTION
During the last decade an abundance of studies on systems
with coexisting magnetic and electric order, the so-called mul-
tiferroics, disclosed a variety of new and intriguing phenom-
ena such as “unconventional” ferroelectricity or “gigantic”
coupling effects between magnetic and electric properties.1,2
The multifarious physics and the technological potential of
the multiferroics released a hunt for further members of this
material family so that a steadily increasing number of mul-
tiferroic compounds is now at our disposal. Irrespective of
the diversity of multiferroics and magnetoelectric coupling
phenomena, they can be grouped into two fundamental cat-
egories: In the split-order-parameter multiferroics the electric
and the magnetic order emerge independently — at separate
transition temperatures and due to a different microscopic ori-
gin. Hexagonal (h-) HoMnO3 is a prominent example with
T elC = 875 K and T
mag
N = 75 K.3,4 In the joint-order-parameter
multiferroics the electric and the magnetic order have a com-
mon microscopic origin. For instance, in Ni3V2O8 the mag-
netic long-range order violates the spatial inversion symme-
try and induces a spontaneous polarization via the antisym-
metric Dzyaloshinskii-Moriya interaction.5 Consequently, the
symmetry-breaking magnetic and electric order parameters
arise at the same temperature (T = 6.3 K).
An universal property of all multiferroics is a substantial
reduction of the number of symmetry elements by the multi-
ple order which implies the formation of a large number of
domains. In particular, incommensurate systems have a lower
symmetry compared to the non-ferroic state because of the
loss of the three-dimensional translation symmetry. With the
unusual nature of the magnetic and electric order in multifer-
roics and the additional degree of freedom arising from their
interaction, novel types of domains and domain-related effects
are expected. Unfortunately, we still have a very fragmentary
understanding of the complex domain states in multiferroics
— the diversity of multiferroic domains is largely ignored, al-
though domains are the key to many macroscopic properties
of technological relevance such as coercive field, electrical re-
sistivity, and switching dynamics.
Investigations of domains in multiferroics so far are fo-
cussed on orientation domains, i.e., domains differing in the
orientation of magnetic and/or electric order parameters.6–9
In contrast, investigations of translation domains, i.e., do-
mains differing in the phase but not the orientation of the
order parameter (so that they are also called anti-phase do-
mains), are extremely rare because their experimental obser-
vation is a very challenging task and their technological feasi-
bility is questionable.10 However, the substantial role the walls
between translation domains can play for magnetoelectric in-
teractions was pointed out only recently.11,12
In this paper we consider two complementary cases of
translation domains in multiferroics that demonstrate the ex-
traordinary scope of manifestations: a split-order-parameter
multiferroic with commensurate order and a joint-order-
parameter multiferroic with incommensurate order. Here, h-
YMnO3 and MnWO4 were chosen as model compounds be-
cause their magnetic and electric properties are well under-
stood. This is a good basis for studying the formation and
properties of their translation domains which are visualized
using piezo-response force microscopy (PFM) and optical
second harmonic generation (SHG). We discuss the associ-
ated symmetry-breaking order parameters and compare spa-
tially resolved measurements of the domain topology in the
two compounds. Our analysis shows that they can be regarded
as end cases in the classification of translation domains in
multiferroics. In h-YMnO3 translation domains emerge due
to discrete symmetry violations by a commensurate order pa-
rameter strongly coupling to the crystal lattice. In MnWO4
translation domains emerge due to continuous symmetry vi-
olations by an incommensurate order parameter. Here, the
translation domains are decoupled from the crystallographic
structure.
II. ORDER PARAMETERS
A. Commensurate h-YMnO3
In h-YMnO3 translation domains appear in conjunction
with the ferroelectric order which emerges in two steps:13,14 A
tripling of the paraelectric unit cell at 1350 K and emergence
of a spontaneous polarization±Pz along the hexagonal axis at
1100 K.15 The reduction of the space symmetry by the two
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FIG. 1: Origin of translation domains in h-YMnO3 and MnWO4.
(a) Schematic illustration of the three possible ferroelectric unit cells
in h-YMnO3 and the translations t1, t2, and t1 + t2 lost as symme-
try operations with respect to the paraelectric unit cell (inset). (b)
Polar plot of the order-parameter space of the ferroelectric phase
of h-YMnO3. The translations lost as symmetry operations have
a discrete image in the order-parameter space so that each transla-
tion domain can be identified by a specific phase φ j ( j = 1,2,3).
(c) Schematic illustration of the elliptical spin spiral in the multifer-
roic phase of MnWO4 (left) and its dense continuation (right). (d)
Polar plot of the order-parameter phase in the multiferroic state of
MnWO4. Here, the translations lost as symmetry operations have
a dense image in the order-parameter space. Consequently, ˜φ j can
have any value 0◦ < ˜φ j < 360◦.
transitions is P63/mmc → P63cm.
Because of the enlargement of the unit cell, which is
sketched in Fig. 1(a), the translation symmetries t1, t2, and
t3 := t1 + t2 of the high-temperature P63/mmc phase are vio-
lated. As a consequence, three different translation or trimer-
ization domains denoted by α , β , and γ arise,11 each being
represented by one of the three structurally nonequivalent unit
cells depicted in Fig. 1(a). The associated two-dimensional
order parameters are
η j =
(
δeiφ j
δe−iφ j
)
( j = 1,2,3) (1)
with k = ( 13 ,
1
3 ,0) as commensurate wave vector describing
the tripling. The translation domains can be identified by their
relative phase φ j = kt j with φ1(α) = 2pi3 , φ2(β ) = 4pi3 , andφ3(γ) = 0,2pi . The values for φ j are illustrated in the polar plot
in Fig. 1(b). Their discreteness nicely reflects the commensu-
rability of the translation domains in h-YMnO3. Apparently,
all the translation domain walls in this compound correspond
to a discontinuity in the phase of the commensurate order pa-
rameter by |∆φ j 6= j′ |= |φ j−φ j′ | ≡ 120◦ with j and j′ denoting
different domains.
B. Incommensurate MnWO4
As illustrated by Figs. 1(c) and (d) the situation in MnWO4
is quite different. Here, translation domains evolve due to in-
commensurate magnetic long-range order.10,16,17 First, a si-
nusoidal spin-density wave with the propagation vector k =
(−0.214, 12 ,0.457) emerges at 13.5 K. It is associated to a sin-
gle two-dimensional order parameter ζ j.18 At 12.7 K the spin
density wave turns into an elliptical spin spiral with the same
propagation vector as before. The transition is driven by a
second two-dimensional magnetic order parameter
ξ j =
(
ρei ˜φ j
ρe−i ˜φ j
)
( j ∈ N). (2)
Along with this, a magnetically induced polarization Py along
the y axis arises. Thus, the system becomes multiferroic and
orientation domains with ±Py are formed. Note that it is the
coexistence of the order parameters ζ j and ξ j, not the pres-
ence of ξ j by itself, that breaks the inversion symmetry and
induces a spontaneous polarization and, thus, multiferroic-
ity. In addition, ζ j and ξ j give rise to translation domains
that are associated to the incommensurate spin arrangement
in Figs. 1(c). Figure 1(c) shows the elliptical spin spiral of the
multiferroic phase in MnWO4 and its dense continuation. The
incommensurate magnetic structure described by k causes a
unit cell doubling along the y axis and violates any transla-
tion symmetry in the xz plane.17 In contrast to commensu-
rate h-YMnO3, the translation symmetries violated by the in-
commensurate structure in MnWO4 have a dense image in the
order-parameter space, see Figs. 1(b) and 1(d). This gives rise
to an infinite number of translation domains enumerated by
j = 1,2,3, . . ..19 All translation domains are energetically de-
generated, because the free energy is invariant under the con-
tinuous rotation of the phase mode (phason) associated with
the incommensurate spin spiral. Note that the phase between
ζ j and ξ j is unique so that it is sufficient to consider the or-
der parameter ξ j only for distinguishing and enumerating the
translation domains.
In an intuitive interpretation one can say that the phase dif-
ference ∆ ˜φ j 6= j′ = ˜φ j − ˜φ j′ appearing at a domain wall corre-
sponds to a discontinuity in the spatial precession of the in-
commensurate spin spiral. Any value ∆ ˜φ j 6= j′ ∈ [0◦,360◦] is
possible due to the incommensurate nature of the magnetic or-
der. Note that the identification of a translation domain is am-
biguous. The phase ˜φ changes continuously across a domain
so that there is no absolute criterion for labelling it. Only the
phase difference occurring at its boundary defines a domain
wall and, thus, distinguishes different domains.
In summary, two fundamentally different types of transla-
tion domains are present in h-YMnO3 and MnWO4: In h-
YMnO3 a finite set of translation domains is generated by
the commensurate order parameter and a universal phase shift
3of 120◦ distinguishes different domains. The domains rep-
resent a pronounced structural discontinuity and are therefore
expected to interact strongly with the underlying crystal lattice
and the ferroelectric displacement. In contrast, MnWO4 can
develop an infinite number of translation domains caused by
the continuous symmetry breaking of the associated incom-
mensurate magnetic order parameter so that the phase shift at
the domain wall can have any value 0◦ < ∆ ˜φ < 360◦. Due
to this continuous nature only a weak coupling between the
translation domains and the crystal lattice is expected.
III. DOMAIN TOPOLOGY
A. Commensurate h-YMnO3
For investigating the translation domains in h-YMnO3,
flux-grown z-oriented platelets with a lateral extension of a
few millimeters and a thickness in the order of 100 µm were
used. After chemical-mechanical polishing with a silica slurry
the distribution of domains was measured by PFM.
Figure 2(a) shows the xy plane of h-YMnO3 under ambi-
ent conditions. The PFM image reveals domains of . 1 µm
with two grey levels corresponding to ferroelectric domains
with the polarization pointing parallel +Pz (bright) or antipar-
allel −Pz (dark) to the z axis. The distribution of the domains
is striking. All across the sample, a domain structure with
meeting points of six domains is obtained. No exceptions
are detected — whenever the ferroelectric domains approach
one another the characteristic kaleidoscopic pattern is formed.
The resulting topology is almost isotropic and can be observed
in all three spatial dimensions.20
The kaleidoscopic pattern with its meeting points of six
domains can be understood on the basis of Figs. 1(a) and
1(b): In the ferroelectric phase each of the three possible
translation domains α , β , and γ can exhibit either a positive
or a negative spontaneous polarization, so that six different
trimerization-polarization domains are expected. As shown in
Ref. 11 meetings of different translation domains require a re-
versal of polarization in order to be stable. Therefore, when
the three possible translation domains meet in one point, this
can only be solved by an arrangement of all six translation-
polarization domains. In Ref. 20 it was shown that the ar-
rangement has to be a sequence of the type shown in Fig. 2(d)
where the two order parameters η and Pz of h-YMnO3 change
simultaneously at each domain wall. For instance, this allows
an α+,β−,γ+,α−,β+,γ− sequence of domains around the
meeting point, but it forbids an α+,α−,β+,β−,γ+,γ− ar-
rangement. As explained in Ref. 20 the pairing of orientation
and translation domain walls is due to the electrostatic discon-
tinuity occurring at the translation domain walls. Hence, h-
YMnO3 is a remarkable example where translation domains,
in contrast to the common belief, manifest in a very pro-
nounced way. In fact, the translation domains control the dis-
tribution of the orientation domains in h-YMnO3 and with this
the distribution of the ferroelectric polarization. The electro-
static mechanism behind this reflects the electrostatic, rather
unusual nature of the ferroelectric order in h-YMnO3 which,
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FIG. 2: (a) PFM image of the xy plane of an as-grown h-YMnO3
crystal. Bright and dark areas correspond to ferroelectric domains
with +Pz and −Pz, respectively. (b) and (c) Enlargement of the do-
main intersections marked by boxes in panel (a). (d) Schematic of
the intersections. Note that only one type of domain wall is present
because of the rigid coupling of orientation and translation domains.
in turn, is common to split-order multiferroics.
B. Incommensurate MnWO4
We now turn to the complementary case, i.e., translation
domains in an incommensurate joint-order-parameter multi-
ferroic, namely MnWO4. The domain topology of MnWO4
was investigated by SHG since it is the only method allowing
one to image antiferromagnetic translation domains, based on
its coupling to the phase of the magnetic order parameter.21
SHG describes the induction of a dipole oscillation P(2ω) by
an incident electromagnetic light wave given by E(ω). It is
described by the equation Pi(2ω) = ε0χi jkE j(ω)Ek(ω) with χˆ
as nonlinear susceptibility of the material in which the optical
frequency doubling occurs. The set of components χi jk 6= 0
reflects the symmetry and long-range order of the material.
They can couple to the orientation and phase of the order pa-
rameter and thus be used to reveal the corresponding domain
structure. In the following we will focus on the discussion of
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FIG. 3: (a) Coexistence of orientation and translation domains in
the yz plane of zero-field-cooled MnWO4. The SHG image was
gained in the multiferroic phase at 8 K and shows a mixture of
translation-polarization domain walls and translation-only domain
walls. (b) Distribution of the ferroelectric orientation domains. (c)
Schematic of the image in (a). Red solid lines denote the distribu-
tion of orientation domains of opposite polarization (+Py or −Py).
Black dotted lines separate different translation domains labelled by
φ j, ( j = 1−9). (d) and (e) Magnified meeting points of domains.
the domain pattern observed in MnWO4 whereas the discus-
sion of the technical details of the SHG in MnWO4 are found
elsewhere.8,10,16,22
For the SHG measurements melt-grown MnWO4 samples
were prepared in the same way as the h-YMnO3 samples and
measured in a transmission geometry.21,23 The samples had a
lateral extension of 2.6× 3.2 mm and a thickness of 830 µm.
Figure 3 displays a SHG image of the yz plane exposed in
the multiferroic phase at 8 K. The image reveals differently
shaded regions separated by abrupt changes of the SHG in-
tensity. These regions correspond to different multiferroic do-
mains. The different brightness is caused by the dependence
of the amplitude and phase of the SHG contribution on the
relative orientation and phase of the order parameters ζ and
ξ .21 Thus, Fig. 3(a) displays both orientation and translation
domains. For disentangling them, the wavelength and polar-
ization of the incident light in Fig. 3(b) were chosen such
that only the ferroelectric orientation domains distinguished
by their spontaneous polarization ±Py were probed. This
reveals two degrees of brightness corresponding to domains
with+Py and−Py. By comparing Figs. 3(a) and (b) two differ-
ent types of domain walls in MnWO4 can be distinguished: (i)
polarization-translation walls, and (ii) translation-only walls.
(i) At the domain walls marked by the red dotted lines in
Fig. 3(c) the orientation of Py is reversed and a phase dis-
continuity of ˜φ in the complex order parameter of Equation 2
occurs. The latter can be concluded because the change of
brightness occurring upon crossing the polarization wall is not
unique so that aside from the spontaneous polarization another
aspect of the order must have changed — here the phase ˜φ is
the only option.
(ii) Figure 3(a) reveals additional domain structures within
the polarization domain denoted by −Py. Here, the abrupt
changes in the SHG yield correspond to translation-only walls
at which only the phase ˜φ of ξ changes. The domains are
distinguishable by SHG because of the aforementioned corre-
spondence between the phase shifts of the SHG wave and the
order parameter ξ .10,22 As sketched in Fig. 3(c) more than six
translation domains are resolved in Fig. 3(a). This observation
is consistent with the effective continuous symmetry breaking
by the associated incommensurate order parameter giving rise
to an unlimited number of translation domains.
In order to point out peculiar features of the topology of
the translation domains Figs. 3(d) and (e) show magnifica-
tions of regions revealing, respectively, a meeting point of
three translation domains and a line separating two transla-
tion domains. The two SHG images indicate that the topology
of the incommensurate translation domains is not subject to
such rigid constraints as in the case of the commensurate split-
order-parameter multiferroic h-YMnO3. In the joint-order-
parameter multiferroic MnWO4 the number of translation do-
mains that can meet in one point is not limited from the point
of view of symmetry. The evolution of an arbitrary number
of translation domains is a specific property of incommen-
surate systems, clearly separating them from commensurate
matter, where a well-defined number of translation domains
emerges in the ordered state. In addition, translation domains
in incommensurate systems expand the established concept
of translation domains by involving translations exceeding the
expansion of the unit cell. Finally, as pointed out earlier,19
incommensurabilities do not only increase the number of al-
lowed domain states — they can also have a strong impact
on the thermodynamic features related to the incommensurate
phase transition.
5IV. CONCLUSION
A violation of the three-dimensional translation symme-
try by magnetic, electrical, or structural degrees of freedom
gives rise to different types of translation in multiferroics.
In contrast to orientation domains with a unique orienta-
tion of the corresponding order parameter the translation do-
mains were largely ignored in literature so far because of their
“hidden” nature. Here we demonstrated two end cases on
the range of translation domains: commensurate ferroelectric
translation domains in the split-order-parameter multiferroic
h-YMnO3 and incommensurate magnetic translation domains
in the joint-order-parameter multiferroic MnWO4. The type
of translation domain and the type of multiferroicity in these
two compounds are intricately related. However, two basic
scenarios become obvious: Translation symmetries can either
be broken by commensurate or incommensurate long-range
order with fundamental consequences regarding the number
of possible domain states and the formation of domain walls.
Our results show that in spite of their generally subtle na-
ture, translation domains can be associated to pronounced
structural discontinuities. Consequently, the formation of
translation domains must not be neglected when discussing
the physical properties of multiferroics or other materials al-
lowing the formation of translation domains. Moreover, the
low symmetry at the site of the domain walls can be the origin
of new correlation effects. Here, the manipulation of transla-
tion domains may even provide a handle for controlling the
functionality of materials.
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